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Recent work on the Panzhihua intrusion has produced two separate models for the crystallisation of the
intrusion: (1) low-Ti, high CaO and low H2O (0.5 wt.%) parent magma (equivalent to Emeishan low-Ti
basalt) at FMQ; and (2) high-Ti, low CaO and higher H2O (>1.5 wt.%) parent magma (equivalent to
Emeishan high-Ti basalt) at FMQ þ 1.5. Modelling of these parent magma compositions produces
signiﬁcantly different results.
We present here detailed f(O2) and H2O modelling for average compositions of both Emeishan high-Ti
and low-Ti ferrobasalts in order to constrain the effects on crystallisation sequences for Emeishan ultra-
maﬁcemaﬁc layered intrusions. Modelling is consistent with numerous experimental studies on ferro-
basaltic magmas from other localities (e.g. Skaergaard intrusion). Modelling is compared with the geology
of the Panzhihua intrusion in order to constrain the crystallisation of the gabbroic rocks and the FeeTi
oxides ore layers. We suggest that the gabbroic rocks at the Panzhihua intrusion can be best explained by
crystallisation from a parent magma similar to that of the high-Ti Emeishan basalt at moderate H2O
contents (0.5e1 wt.%) but at the lower end of TiO2 content for typical high-Ti basalts (2.5 wt.% TiO2).
Distinct silicate disequilibrium textures in the FeeTi oxide ore layers suggest that an inﬂux of H2O may be
responsible for changing the crystallisation path. An increase in H2O during crystallisation of gabbroic
rocks will result in the depression of silicate liquidus temperatures and resultant disequilibrium with the
liquid. Continued cooling of the magma with high H2O then results in precipitation of MteUv alone.
The H2O content of parent magmas for maﬁc layered intrusions associated with the ELIP is an important
variable. H2O alters the crystallisation sequence of the basaltic magmas so that at high H2O and f(O2) Mt
eUv crystallises earlier than plagioclase and clinopyroxene. Furthermore, the addition of H2O to an
anhydrous magma can explain silicate disequilibrium texture observed in the FeeTi oxide ore layers.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Fe- and Ti-rich basaltic magmas evolve by differentiation pro-
cesses following the typical tholeiitic Fenner trend (Fenner, 1929).03 8309; fax: þ27 (0) 46 622
).
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sity of Geosciences (Beijing) and PEarly stages of evolution are characterised by an increase in FeO and
TiO2 at relatively constant SiO2. Later stages of evolution are char-
acterised by strong depletion of FeO and TiO2 at the onset of FeeTi
oxide crystallisation with resultant increase in SiO2. The timing of
FeeTi oxide crystallisation is strongly dependant on the conditions
of the magma system, in particular f(O2) (e.g. Toplis and Carroll,
1995). Signiﬁcant Fe-enrichment is mostly conﬁned to plutonic/
layered intrusions where differentiation results in the upper zones
becoming enriched in Fe and Ti (e.g. Skaergaard intrusion). The
rarity of Fe-enriched extrusive rocks is interpreted to be the result
of the high density of such magmas (Sparks et al., 1980), although
examples are known, such as the Columbia River ﬂood basalts
(12e17 wt.% total Fe; Lange, 2002). The eruption of these dense Fe-
richmagmas is attributed to a high initial volatile content (>4 wt.%)eking University. Production and hosting by Elsevier B.V. All rights reserved.
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trations of 9e14 wt.% (Xiao et al., 2004) and are an example of Fe-
rich ﬂood basalts. Recent work of Botcharnikov et al. (2008) has
shown that the concentration of volatiles within the ferrobasaltic
magmas has signiﬁcant effects on the differentiation paths leading
to a calc-alkaline evolutionary trend due to the early crystallisation
of FeeTi oxides.
The Panzhihua intrusion contains signiﬁcant FeeTi oxide ore
layers, implying signiﬁcant Fe-enrichment of the parent magma.
Recent studies on the intrusion have modelled magma composi-
tions believed to represent parent magmas in order to constrain
the formation of massive FeeTi oxide ore layers. Pang et al.
(2008b) and Hou et al. (2012) have modelled primitive high-Ti
Emeishan basalt compositions at relatively high H2O (1.5 wt.%)
at FMQ. These studies showed that at high H2O content the silicate
stability is signiﬁcantly reduced resulting in early crystallisation of
FeeTi oxides. Ganino et al. (2008) modelled a representative low-
Ti Emeishan basalt composition with lower H2O (0.5 wt.%) at FMQ.
This set of conditions produces a typical basaltic crystallisation
sequence with late crystallisation of FeeTi oxides. Zhang et al.
(2012) modelled a low-Ti Emeishan parent magma composition
at low H2O (0.2 wt.%) in a system closed to oxygen, i.e. no f(O2)
buffer. A similar result to that of Ganino et al. (2008) is produced
with the late occurrence of FeeTi oxides. Each of these studies
present a speciﬁc set of modelling conditions at various H2O
contents and differing parent magma compositions. These studies
form the basis of the current study. We present here a discussion
of the affects of varying parent magma compositions, H2O con-
tents and f(O2) conditions in order to constrain the formation of
maﬁc layered intrusions in the Panxi region. A further important
factor inﬂuencing the crystallisation of ferrobasaltic magma (not
discussed by Ganino et al., 2008; Pang et al., 2008b; Hou et al.,
2012; Zhang et al., 2012) is the CaO/FeOt and CaO/TiO2 ratios of
the parent magma. Synder et al. (1993) showed that at low ratios
clinopyroxene crystallises late, after FeeTi oxides. The parent
composition used by Pang et al. (2008b) has low CaO/FeOt and
CaO/TiO2 ratios whereas the parent composition used by Ganino
et al. (2008) has high ratios.
2. Objectives
The objectives of the modelling presented in this study are to
constrain the parent magma composition with respect to bulk
composition, in terms speciﬁcally of the inﬂuence of (a) CaO/FeOt
and CaO/TiO2 ratios, (b) oxygen fugacity, (c) water content, and to
evaluate these effects in terms of the timing and mechanism for
FeeTi oxide crystallisation in light of observations from the ferro-
gabbros and FeeTi oxide ore layers of the Panzhihua intrusion.
FeeTi oxides at the Panzhihua intrusion have been interpreted
to crystallise late after silicate crystallisation (Zhou et al., 2005,
2008; Howarth et al., 2013). These silicates are interpreted to
crystallise prior to extensive Ti-magnetite crystallisation forming
ore layers (Zhou et al., 2005, 2008; Howarth et al., 2013). This is
fundamental in the understanding of ore forming processes at the
Panzhihua intrusion. The effect of varying f(O2) and H2O is dis-
cussed in order to account for early crystallisation of silicates with
later crystallisation of extensive FeeTi oxides. Furthermore silicate
phases are not in equilibrium with later liquids crystallising FeeTi
oxides.
3. Regional geology and the Panzhihua intrusion
The Emeishan Large Igneous Province (ELIP) is located in
southwestern China. It comprises an extrusive ﬂood basalt
component and related maﬁceultramaﬁc layered intrusions. Theextrusive rocks formed through ﬂood volcanism reach a maximum
thickness of 5034 m and consist almost entirely of tholeiitic basalt
(Xu et al., 2001; Xiao et al., 2004). The basalts have been divided
into high-Ti and low-Ti groups based on geochemical variations, in
particular the Ti/Y ratio and SreNd isotopes (Xu et al., 2001). The
separate basalt groups can also be distinguished by petrography
and major element composition. The high-Ti basalts are charac-
terised by high TiO2 (>3.5 wt.%), low CaO (7.5 wt.%) and dominantly
contain plagioclase phenocrysts (Xiao et al., 2004). The low-Ti ba-
salts are characterised by low TiO2 (<2 wt.%), high CaO (11 wt.%)
and have dominantly clinopyroxene phenocrysts (Xiao et al., 2004).
Maﬁceultramaﬁc layered intrusions are spatially and tempo-
rally associated with the ﬂood volcanism and have also been
divided into two groups: ultramaﬁcemaﬁc layered intrusion and
maﬁc layered intrusions (Zhou et al., 2008; Zhang et al., 2009). The
ultramaﬁcemaﬁc intrusions are signiﬁcantly smaller sill-like
bodies, which are characterised by ultramaﬁc cumulate rocks at
the base, such as the Limahe intrusion. These intrusions are char-
acterised by sulphide-hosted NieCuePGE ore deposits associated
with the ultramaﬁc portions of the intrusions. The maﬁc layered
intrusions are signiﬁcantly bigger and are composed of melano-
cratic to leucocratic ferrogabbros (Pang et al., 2010). Maﬁc in-
trusions are further characterised by the presence of extensive (up
to 80 m thick) FeeTieV oxide ore deposits.
The Panzhihua intrusion is a large FeeTi oxide ore bearing maﬁc
layered intrusion associated with the ELIP. This intrusion has
recently been the subject of numerous studies (e.g. Zhou et al.,
2005; Ganino et al., 2008; Pang et al., 2008a,b, 2009), which pro-
vide abundant geochemical and mineral composition data for
constraining crystallisation modelling as presented in this study.
Furthermore, several different hypotheses have been proposed for
the formation of FeeTi oxide ores at this intrusion, which are
constrained further here by detailed modelling of potential parent
magmas. The Panzhihua intrusion ranges in thickness from 1400 to
3000 m and has been divided into ﬁve distinct zones based on the
mineralogy and texture: marginal zone (MGZ), lower zone (LZ),
middle zone A (MZa), middle zone B (MZb) and upper zone (UZ)
(Pang et al., 2009). FeeTi oxide ore layers are present in the lower
half of the intrusion only. The main ore layer is present in the LZ in
the northern sections of the intrusion but is located in contact with
the carbonate footwall in the Jianshan Block (north central section
of the intrusion) (Pang et al., 2008a). The ferrogabbroic rocks
consist of dominantly plagioclase, clinopyroxene and interstitial
FeeTi oxides with minor olivine and hornblende (Fig. 1). Apatite is
present in the MZb only (Pang et al., 2009). FeeTi oxides ores are
comprised of dominantly FeeTi oxides with lesser plagioclase, cli-
nopyroxene, olivine and hornblende. No apatite is observed in ore
layers. Mineral modal and compositional ranges are given in Fig. 1.
Plagioclase and clinopyroxene show distinct disequilibrium tex-
tures (Howarth et al., 2013). FeeTi oxides within the ore layers are
dominantly magnetiteeulvospinel (MteUv) with lesser ilmenite.
The gabbroic rocks contain near equal proportions of MteUv and
ilmenite.
4. Modelling conditions
Modelling was done using the programme PELE version 7.04
(Boudreau, 1999). Pang et al. (2008a) suggested that the Panzhihua
intrusion crystallised at a depth equivalent to 5 kb based on the
Al2O3 content of Ti-magnetite grains. However, Ganino et al. (2008)
showed that the footwall carbonates were buried to a depth of
approximately 2 kb. This latter estimate of 2 kb is used here due to
the possibility of Ti-magnetite having crystallised at depth prior to
emplacement, and hence potentially not being representative of
emplacement conditions; however, the pressure (depth) of
Figure 1. (a) Modal abundance of mineral phases for the Zujiabaobao Block of the
Panzhihua intrusion after Zhou et al. (2005). (b) Mineral compositional variation over
the stratigraphy of the Jianshan Block of the Panzhihua intrusion after Pang et al.
(2009).
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sequence. Temperature increments were set at 5 C for an isobaric
system undergoing fractionation.
A variety of oxygen buffers were used including FMQ  1, FMQ,
FMQ þ 1, FMQ þ 2 and FMQ þ 3. The typical inferred f(O2) range of
ferrobasaltic magmas is FMQ 2 to FMQþ 1 (e.g. Carmichael,1991;
Toplis and Carroll, 1995). Oxide stability is signiﬁcantly affected by
f(O2) with magnetite being favoured at higher f(O2) conditions (e.g.
Toplis and Carroll, 1995). For this reason we also present models at
highly oxidising conditions of FMQ þ 2 and FMQ þ 3. Although it is
shown in Section 6 that thermodynamic modelling software be-
comes unreliable at these highly oxidising conditions. The use of
oxygen buffers rather than modelling crystallisation in a system
closed to oxygen is discussed in detail below in Section 5.2. Initial
H2Owasmodelled at 0, 0.5, 1, 2, 3, 4 and 5 wt.%. This range is within
the typical range of basaltic magmas, i.e. Columbia River ﬂoodbasalts are interpreted to have 4 wt.% H2O (Lange, 2002). Further-
more Botcharnikov et al. (2008) showed that in order to crystallise
primary amphibole from a basaltic magma the initial H2O content
must be > 5 wt.%. The Panzhihua intrusion does not contain pri-
mary amphibole (e.g. Pang et al., 2009), therefore, an upper limit of
5 wt.% is used to produce models in this study. The parent magma
compositions were renormalised to accommodate for the variable
amounts of H2O added to the composition.5. Selection of parent magma composition and potential
sources for increasing f(O2) and H2O
5.1. Parent magma composition
Selection of parentmagmas formodelling of the evolution of the
Panzhihua intrusion is particularly important as subtle variations in
TiO2 content and CaO/FeOt can have signiﬁcant affects on the
crystallisation sequence. Emeishan basalts vary signiﬁcantly in
terms of TiO2 and have been divided into high-Ti and low-Ti groups
(e.g. Xu et al., 2001; Xiao et al., 2004). Along with this variation in
TiO2 content there is a notable variation in CaO/FeOt ratio; high-Ti
basalts have low ratios whereas the low-Ti basalts have high ratios.
Parentmagma compositions used in previous studies (Ganino et al.,
2008; Pang et al., 2008b) are presented in Table 1 along with the
average composition of low-Ti and high-Ti basalt from Xiao et al.
(2004). The composition used by Pang et al. (2008b) is a typical
high-Ti basalt composition. However the composition used by
Ganino et al. (2008) is more similar to low-Ti basalt.
Numerous authors have suggested that the Panzhihua intrusion
crystallised from a high-Ti basalt parent (e.g. Zhou et al., 2005;
Zhang et al., 2009). We present here crystallisation modelling for
parent magma compositions represented by both the average high-
Ti basalt and average low-Ti basalt compositions listed in Table 1.
Average compositions of Emeishan basalts are preferred over
preferentially selecting a single analysis.5.2. Oxygen fugacity (f(O2))
The Panzhihua intrusion has an intrusive lower contact with
the carbonate footwall rocks (Zhou et al., 2005). Ganino et al.
(2008) showed that interaction of the Panzhihua magma with
footwall carbonate effectively releases CO2, which bubbles
through the magma. Ganino et al. (2013) further showed using O-
isotopes that the gabbroic rocks have been contaminated by
footwall carbonate. Ganino et al. (2008) modelled a system closed
to oxygen, i.e. no oxygen buffer, in order to observe the effect of
CO2 bubbling through the magma on the f(O2). The use of oxygen
buffers in this study implies a system open to oxygen in order to
maintain oxidising conditions during the crystallisation of the
magma. In a system closed to oxygen the precipitation of
magnetite would take more Fe3þ than Fe2þ, resulting in self-
reduction of the system (Carmichael and Ghiorso, 1986). The
consequence is that precipitation of large quantities of magnetite
is inhibited, as magnetite crystallisation requires oxidising con-
ditions but crystallisation of magnetite results in more reducing
conditions. Models presented in this study use oxygen buffers
(FMQ  1; FMQ; FMQ þ 1) to constrain the effect of f(O2) on the
crystallisation sequence of typical Emeishan basaltic magmas. In
order to buffer the system, externally derived oxygen would be
required. The footwall carbonates provide a good source for ox-
ygen to buffer the system as shown by Ganino et al. (2013), i.e.
oxygen from the footwall carbonates has interacted with the
Panzhihua magma resulting in d18O values above expected mantle
range for gabbroic rocks.
Table 1
Modelled average parent magma compositions for high-Ti and low-Ti Emeishan basalts after Xiao et al. (2004) and comparison with compositions modelled in studies of
Ganino et al. (2008), Pang et al. (2008b), Hou et al. (2012) and Zhang et al. (2012). Compositions modelled by Toplis and Carroll (1995) and the estimated composition of the
Skaergaard intrusion (Hoover, 1989) are also given for comparison.
Low-Ti
basalt
High-Ti
basalt
Ganino et al.
(2008)
Pang et al.
(2008b)
Hou et al.
(2012)
Zhang et al.
(2012)
Toplis and Carroll
(1995)
Hoover
(1989)
SiO2 51.48 51.72 47.50 45.83 43.10 46.38 48.30 49.62
TiO2 1.71 4.37 2.70 4.85 4.10 2.25 2.90 2.61
Al2O3 13.91 13.49 14.00 15.62 15.50 7.91 14.90 13.25
Fe2O3 1.66 2.16 1.77 2.23 15.70 1.23 1.85
FeO 9.29 11.09 10.55 11.36 11.06 11.43 13.03
MnO 0.16 0.21 0.00 0.23 0.07 0.00 0.22
MgO 6.90 4.94 7.10 7.18 5.40 19.68 6.50 7.23
CaO 11.22 7.26 10.60 7.52 12.20 9.25 10.90 10.13
Na2O 2.71 3.39 2.70 3.26 2.60 1.41 2.70 2.39
K2O 0.73 0.93 1.70 1.41 0.5 0.40 0.30 0.45
P2O5 0.24 0.42 0.30 0.51 0.50 0.18 0.00 0.22
Total 100.00 99.98 98.92 100.00 99.60 99.82 99.78 99.15
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Experimental work of Botcharnikov et al. (2008) clearly showed
that H2O content of basaltic magmas has a signiﬁcant effect on the
crystallisation sequenceof thatmagma.Variation inH2O ismodelled
in detail here in order to observe the potential effect of H2O on the
crystallisation sequence of Emeishan basaltic magmas. Pang et al.
(2009) showed that the Panzhihua intrusion forms as an open sys-
tem through multiple pulses of magma. Contamination of magmas
by crustal rocks at depth may result in elevated H2O contents of the
magma en route to the Panzhihua chamber. Alternatively (or in
addition), evolving magma at depth within a feeder conduit may
produce magmas with varying H2O contents depending on the
proportion of fractionation of anhydrous phases at depth. Detailed
discussion on the sources and variations in H2O contents of the
Panzhihua parent magmas is given in Howarth et al. (2013).
6. Constraints of PELE software
Several papers report experimental work that is not in agree-
ment with the predictions of modelling software such as MELTS
and PELE, in particular for hydrous and highly oxidising conditions
(e.g. Toplis and Carroll, 1995; Gaillard et al., 2003). These variables
form the basis of the current study and the validity of discussion
based on PELEmodelling needs to be assessed. In order to constrain
uncertainties of the PELE software, we present PELE recreated
models for experimental results.
The experimental results of Toplis and Carroll (1995) are used in
order to constrain the uncertainties for highly oxidising conditions
at anhydrous compositions (Fig. 2a and c). It is immediatelyapparent
that the MteUv stability curve is signiﬁcantly different at highly
oxidising conditions (>FMQ þ 1). Experimental results show that
MteUv becomes stable at higher temperatures under oxidising
conditions and that MteUv is the ﬁrst oxide phase to crystallise
above FMQ (Fig. 2c). Modelling software (PELE) shows MteUv
becoming stable at signiﬁcantly lower temperatures at highly oxi-
dising conditions. This is at odds with what is expected and implies
that modelling software is not reliable for oxide phase stability at
highly oxidising conditions. Silicate stability curves, in particular
olivine andplagioclase, also showsomevariation fromexperimental
results at highlyoxidising conditions. This further suggests that PELE
has signiﬁcant errors for highly oxidising conditions. Discussion on
results of PELE modelling at highly oxidising conditions is not valid.
In order to constrain the uncertainties of hydrous compositions,
the experiments of Botcharnikov et al. (2008) are also recreated
using the PELE software (Fig. 2b and d). The f(O2) was set using the
oxygen buffer FMQ þ 1 (upper limit of PELE reliability for oxidestability predictions) and modelled parent magma compositions at
various initial H2O contents (Fig. 2b and d). The PELE model created
is somewhatmore reliable than that for highly oxidising conditions.
The major difference of the PELE model is the crystallisation of
plagioclase and ilmenite at lower H2O contents (<1.5 wt.%). This
suggests that plagioclase stability at lowH2O contents may be over-
estimated using PELE (in terms of temperature of crystallisation).
This needs to be taken into account for later discussions. Calculated
error bars (calculated by the difference between crystallisation
temperature of PELE vs. experimental results of Botcharnikov et al.,
2008) for olivine are generally low; 4 C at anhydrous conditions
and increase to 29 C at 5 wt.% H2O. Clinopyroxene is also generally
relatively consistent with experimental work with errors ranging
from 12 to 26 C. As discussed above plagioclase crystallisation for
anhydrous compositions is signiﬁcantly over estimated with an
error of 73 C. However at hydrous conditions >0.5 wt.% the errors
range from 14 to 36 C. MteUv is generally in good agreement with
errors of 16e35 C. Ilmenite crystallisation shows the greatest er-
rors and ranges from 30 to 60 C.
However the overall trends of both the silicates and MteUv are
similar to experimental results, in particular the decrease in sta-
bility of silicate phases and the relatively constant crystallisation
temperature of MteUv. The ilmenite stability curve is signiﬁcantly
different to that of experimental results of Botcharnikov et al.
(2008). This needs to be taken into account in later discussions. It
is noteworthy to point out here that PELE does not predict
amphibole stability. However experimental results show that
amphibole is only stable at low temperatures and very high H2O
contents (>5 wt.%) (Fig. 2d).
Therefore while PELE software has large uncertainties at highly
oxidising conditions the trends predicted at high H2O contents are
consistent (with the exception of ilmenite) with experimental work.
7. Modelling
7.1. Crystallisation sequence
The crystallisation sequence for both the average high-Ti and
low-Ti Emeishan basalt compositions has been modelled at
FMQeFMQþ3 and at initial H2O wt.% of 0e3. The results are illus-
trated in Figs. 3 and 4. Several signiﬁcant variations are highlighted
in descriptions for each composition below.
7.1.1. Parent 1: high-Ti basalt
The crystallisation sequence of the high-Ti basalt composition
varieswithbothchanges in f(O2)andH2Owt.%.Fig.3 showsat lowH2O
(0.5 wt.%) the sequence is olivineeplagioclaseeilmenitee
Figure 2. (a) Recreated modelling-derived phase equilibria for the experiments of Toplis and Carroll (1995); (b) recreated modelling derived phase equilibria for the experiments of
Botcharnikov et al. (2008); (c) phase equilibria of the experiments of Toplis and Carroll (1995); (d) phase equilibria as determined by Botcharnikov et al. (2008).
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subtle change such that plagioclase crystallises prior to olivine and
clinopyroxene prior to ilmenite and MteUv. However as observed
above the softwaredoes not correctly predictMteUvcrystallisation at
highly oxidising conditions and therefore the trends observed are
likely not correct. At high H2O content (3 wt.%) the crystallisation
temperature of the silicates is signiﬁcantly depressed (Fig. 3). The
general crystallisation sequence changes to olivineeFeeTi oxidee
clinopyroxeneeplagioclaseeapatite. Fig. 4a shows the clear depres-
sion of plagioclase crystallisation temperature from1125 to 1050 C at
0.5 wt.% H2O to <1000 C at 3 wt.% H2O, which results in the earlier
appearance of FeeTi oxides in the crystallisation sequence.
7.1.2. Parent 2: low-Ti basalt
The crystallisation sequence of the low-Ti basalt composition at
low H2O (0.5 wt.%) is characterised by the crystallisation of olivine,
plagioclase and clinopyroxene within 10e15 C of each other. FeeTi
oxides crystallise at signiﬁcantly lower temperatures (100 C
lower) (Fig. 3). Ilmenite crystallises ﬁrst at low f(O2) (<FMQ) and
MteUv at higher f(O2) (>FMQ). This is more consistent with
experimental results of Toplis and Carroll (1995). Ilmenite does not
crystallise at f(O2) conditions represented by FMQ. At higher H2O
content (3 wt.%; Fig. 3) the crystallisation temperature of silicate
phases is depressed, in particular plagioclase, which crystallises
after MteUv at f(O2) conditions (> FMQ). The affects of H2O on the
crystallisation sequence are highlighted in Fig. 4b.
The main differences in the crystallisation sequence of the low-
Ti basaltic liquid (as compared to high-Ti basaltic liquid) are theearlier appearance of clinopyroxene and the later occurrence of
ilmenite.
7.2. Mineral compositional variation
The data presented here are for the compositions of the ﬁrst
appearance of any given mineral phase. Evolution of the mineral
compositions with differentiation of the magma is presented below
in Section 7.3.
7.2.1. Parent 1: high-Ti basalt
The initial composition of crystallising phases varies with f(O2)
and the initial H2O content of the parent magma. The An content of
plagioclase (Fig. 5) shows a signiﬁcant variationwith respect to H2O
content of the magma but is not affected by f(O2). At 0 wt.% initial
H2O content, plagioclase has a composition of An49eAn52 in
contrast to An70eAn74 at 3 wt.% initial H2O. Clinopyroxene shows a
similar variation but the compositional change is not as signiﬁcant
as plagioclase. At low initial H2O clinopyroxene has composition of
Di68eDi79 but at higher initial H2O content the composition is
Di76eDi85 (Fig. 5). Clinopyroxene also shows a minor variationwith
f(O2), at higher f(O2) conditions the clinopyroxene has a higher Di
content. Olivine and MteUv show no correlation with H2O content
but do show signiﬁcant variation with f(O2) (Fig. 5). At f(O2) con-
ditions represented by FMQ  1 olivine has a composition of
Fo68eFo73 (Fig. 5c). The Fo content of olivine increases with
increasing f(O2). At high f(O2) conditions represented by FMQ þ 3
the olivine composition is Fo73eFo80 (Fig. 5c). MteUv shows a
Figure 3. Modelling-derived phase equilibria for average high-Ti and low-Ti Emeishan basalt compositions as a function of f(O2) with temperature at 0.5 and 3 wt.% H2O for each
composition. Note the distinct relationship of FeeTi oxides for the high-Ti compositions: MteUv crystallises prior to ilmenite at high f(O2). f(O2) has little to no effect on MteUv
crystallisation for the low-Ti composition. Areas highlighted in grey represent areas of unreliability for the PELE software (i.e. highly oxidising conditions; see text for discussions).
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(Fig. 5d). At FMQ þ 3 the MteUv composition is Mt58eMt60
(Fig. 5d). At 0 wt.% H2O and f(O2) > FMQ þ 1 MteUv crystallises
near pure Mt end member.
7.2.2. Parent 2: low-Ti basalt
The composition of plagioclase crystallising from the low-Ti
parent compositions shows a similar trend to that described above,
with signiﬁcant increase in An content with increasing H2O wt.%.Figure 4. Modelling-derived phase equilibria for average (a) high-Ti and (b) low-Ti Emeishan
depression of plagioclase and clinopyroxene crystallisation temperature with increasing H2The An content increases from An69 to An72 at low H2O (0 wt.%) to
An83 at high H2O (3 wt.%) (Fig. 6a). These compositions are more
primitive (more calcic) relative to the plagioclase crystallising from
the high-Ti parent composition. Clinopyroxene, olivine and MteUv
show no trend with H2O content of the parent magma and show
only minor variation in compositionwith changing f(O2) conditions
(Fig. 6d), except for MteUv, which show a signiﬁcant change in
composition with increasing f(O2) conditions (Fig. 6d). At low f(O2)
(FMQ  1) MteUv has a composition of Mt20eMt32.basalt compositions as a function of H2O with temperature at FMQ. Note the signiﬁcant
O content for both high-Ti and low-Ti basalt compositions.
Figure 5. Modelled composition of the ﬁrst occurrences of mineral phases for the high-Ti basalt parent magma with increasing H2O and f(O2). (a) An content of plagioclase shows
signiﬁcant variation with H2O content but no variation with increasing f(O2); (b) Di content of clinopyroxene showing minor variation with both H2O and f(O2); (c) and (d) Fo
content of olivine and Mt content of MteUv respectively showing minor variation with increasing f(O2) and no variation with H2O.
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7.3.1. Parent 1: high-Ti basalt
Figs. 7 and 8 illustrate the evolution of olivine, plagioclase, cli-
nopyroxene and MteUv during cooling of high-Ti parent magma at
0.5wt.%H2Oand3wt.%H2O. At0.5wt.%H2O, olivine initiallyevolves
to lower Fo content as expected but there is a clear inﬂection point
related to the onset of FeeTi oxide crystallisation (Fig. 7a). The Fo
content of olivine at low f(O2) (<FMQ) remains constant after the
onset of FeeTi oxide crystallisation whereas at high f(O2) (>FMQ)
the Fo content increases. Plagioclase shows a typical evolution from
highAn (An54) at high temperature to lowAn (An30) at later stages of
crystallisation (Fig. 7b). Di content of clinopyroxene remains rela-
tively constant with decreasing temperature. Mt content of MteUv
increases inMt at all f(O2) conditionsmodelled. Furthermore theMt
content is higher at higher f(O2) conditions (Fig. 7d).
At high H2O contents olivine shows initial minor evolution to
lower Fo contents followed by a gap of 40 C where no olivine
crystallises. Olivine resumes crystallisation after this gap and re-
mains constant in composition down to 900 C (Fig. 8a). Mt content
of MteUv shows a minor increases in content with decreasing
temperature and shows a minor increase in Mt content with
increased f(O2) (Fig. 8b). Di content of clinopyroxene remains
constant with decreasing temperature (Fig. 8c). Plagioclase crys-
tallises at signiﬁcantly lower temperatures at higher H2O as
described previously. An content of plagioclase shows a typical
evolution from high An (An74) at high temperature to low An (An57)
at low temperature (Fig. 8d).
7.3.2. Parent 2: low-Ti basalt
Figs. 9 and 10 illustrate the evolution of olivine, plagioclase,
clinopyroxene and MteUv during cooling and crystallisation of thelow-Ti basalt parent magma. At low H2O content (0.5 wt.%; Fig. 9)
olivine and clinopyroxene initially evolve to lower Fo and Di con-
tents respectively. However at the onset of MteUv crystallisation
(1050 C; Fig. 9d) the trends change and generally show increases
in Fo and Di content with decreasing temperature. Fo and Di con-
tents of olivine and clinopyroxene are also affected by the f(O2)
conditions. At higher f(O2) conditions the Fo and Di contents are
slightly higher. Plagioclase shows a constant decrease in An content
with cooling and shows no variationwith f(O2) conditions (Fig. 9b).
MteUv generally shows an increase in Mt content with cooling
(Fig. 9d).
Olivine, clinopyroxene and plagioclase show similar trends at
high H2O content (3 wt.%) of the parent magma (Fig. 10aec),
although the crystallisation temperature of plagioclase is signiﬁ-
cantly lower. MteUv increases in Mt content with cooling at low
f(O2) conditions (FMQ).
7.4. Fe-enrichment in the liquid
Fe-enrichment in the liquid is controlled by the timing of FeeTi
oxide crystallisation. Fe-enrichment trends are similar for both the
high- and low-Ti parent magmas and are described together. Fe-
enrichment in the liquid is only observed for parent magmas
with low H2O content (<0.5 wt.%) (Fig. 11).
8. Factors affecting the crystallisation sequence of the
Emeishan basaltic magmas
Toplis and Carroll (1995) showed experimentally that ilmenite
crystallises prior toMteUv at low f(O2) conditions (<FMQ) whereas
MteUv crystallises prior to ilmenite at high f(O2) (>FMQ). The large
positive DT/Df(O2) slope for MteUv is interpreted to represent a
Figure 6. Modelled composition of the ﬁrst occurrences of mineral phases for the low-Ti basalt parent magma with increasing H2O and f(O2). (a) An content of plagioclase showing
a distinct relationship with H2O. Also note the signiﬁcantly higher An content relative to that of the high-Ti basalt composition (Fig. 2); (b), (c) and (d) clinopyroxene, olivine and
MteUv composition of the low-Ti basalt parent magma respectively; showing no trend with H2O and minor variation with f(O2).
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crystallisation of ilmenite as the ﬁrst FeeTi oxide phase is
controlled by the melt TiO2 content rather than f(O2) (Toplis and
Carroll, 1995). Ilmenite saturation at 1100 C for MORB magmas
has been calculated at 4.5e5.5 wt.% TiO2 (Delong and Chatelain,
1990). Synder et al. (1993) showed experimentally that the crys-
tallisation of clinopyroxene is controlled by the CaO/FeOt and CaO/
TiO2 ratios of the parent magma. Clinopyroxene crystallises after
FeeTi oxides at low CaO/FeOt and CaO/TiO2 ratios. Botcharnikov
et al. (2008) showed experimentally that the crystallisation of sil-
icates, in particular plagioclase, is signiﬁcantly affected by the H2O
content of the parent magma. High H2O contents results in signif-
icantly lower crystallisation temperatures for plagioclase. In gen-
eral all of these previous observations from experimental studies
have been reproduced here for the Emeishan high-Ti and low-Ti
basaltic magmas. Two main factors inﬂuence the crystallisation
sequence of the Emeishan ferrobasaltic magmas: (1) major element
composition, in particular TiO2 and CaO contents, and (2) H2O
content.
The Emeishan basalts vary signiﬁcantly in major element
composition, in particular the TiO2 and CaO contents. Emeishan
high-Ti basalt is characterised by high TiO2 (3.5e5 wt.%) and low
CaO (3e10 wt.%) whereas the low-Ti basalt is characterised by low
TiO2 (1.2e2 wt.%) and high CaO (7.5e13 wt.%) (Xiao et al., 2004).
This results in signiﬁcantly different crystallisation sequences for
the high-Ti vs. low-Ti Emeishan basalts. Modelled high-Ti basalt
composition has a crystallisation sequence at FMQ of ol.e
plag.eilm.ecpx.emt.euv.eap. Ilmenite crystallises early as a result
of high TiO2 content and clinopyroxene crystallises late as a result
of low CaO/FeOt and CaO/TiO2 ratios. Ilmenite crystallises from the
high-Ti basalt at FMQ and 0.5 wt.% H2O at 1073 C and TiO2 of5.2 wt.%, which is consistent with the data from Delong and
Chatelain (1990). Modelling shows that low-Ti Emeishan basalt
crystallises clinopyroxene early as a result of higher CaO/FeOt and
CaO/TiO2 ratios. This is also conﬁrmed by petrographic descriptions
of Emeishan basalt where low-Ti basalts are typically characterised
by clinopyroxene phenocrysts whereas the high-Ti basalts are
dominated by plagioclase phenocrysts (Xu et al., 2001). Further-
more, ilmenite crystallises late in the low-Ti basalt sequence due to
the signiﬁcantly lower TiO2 content.
Modelled variation in H2O content of the average high-Ti and
low-Ti Emeishan basaltic compositions shows a signiﬁcant
depression of the crystallisation temperature of plagioclase.
Plagioclase crystallises early for high-Ti compositions with low H2O
(0.5 wt.%) content whereas at high H2O (3 wt.%) plagioclase crys-
tallises last apart for apatite. A similar trend is observed for the low-
Ti composition except that ilmenite crystallises late in this case. The
variation in crystallisation temperature of plagioclase is accompa-
nied by a large variation in An content. At low H2O when plagio-
clase crystallises early the An content is generally low whereas at
higher H2O content and later crystallisation the An content is
signiﬁcantly higher. Furthermore the An content of plagioclase
crystallising from the low-Ti basalt parent, which has higher CaO
content, is signiﬁcantly more calcic than that crystallising from the
high-Ti basalt parent. Plagioclase composition can be used as a
proxy for estimating the initial CaO content for the Panzhihua
intrusion and possibly the H2O content.
Modelling presented here provides constraints on the crystal-
lisation of FeeTi oxides and resultant silicate disequilibrium. As
discussed above H2O signiﬁcantly reduces the crystallisation tem-
perature of silicate phases (Figs. 3 and 4). The gabbroic rocks likely
crystallised from a parent magmawith low H2O. Minor increases in
Figure 7. Composition of mineral phases as a function of f(O2) with decreasing temperature for a high-Ti parent magma with 0.5 wt.% H2O.
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sequence. An increase in H2O will result in conditions favouring
signiﬁcant MteUv crystallisation along with minor olivine. We
suggest that hydration may be an important mechanism for the
stability of MteUv over silicate phases.9. Effects of H2O on Fe-enrichment in the liquid and
comparison with the Skaergaard intrusion
Basaltic/gabbroic intrusions such as the Bushveld, Stillwater and
Skaergaard are characterised by Fe-enrichment in the liquid during
differentiation (Fenner trend). This is indicated by the presence of
FeeTi oxide free cumulate rocks at the base of the intrusion. The
Skaergaard intrusion is a particularly well studied example of a
ferrobasaltic magma showing distinct Fe-enrichment resulting in
later crystallisation of FeeTi oxides. The liquid line of descent for
the Skaergaard intrusion, presented by Hunter and Sparks (1987), is
used here for comparison with modelling results for the Emeishan
basaltic magma.
Modelled relationships between FeO þ Fe2O3 and SiO2 are
presented in Fig. 12, along with the Skaergaard trend calculated by
Hunter and Sparks (1987). Dry magma compositions show Fe-
enrichment up to 15e20 wt.% for high-Ti parent and 17e24 wt.%
for low-Ti parent. These trends are similar for the Skaergaard trend
with initial increase in FeOt at relatively constant SiO2 content with
subsequent decrease in FeOt and increase in SiO2 at the onset of
FeeTi oxide crystallisation. Change in the H2O content of the
magma results in the depression of Fe-enrichment. This is partic-
ularly evident for the high-Ti basalt where the addition of small
amounts of H2O results in the absence of a Fe-enrichment trend. For
the low-Ti parent addition of H2O decreases the amount of Fe-enrichment but the trend remains similar up to 3 wt.% for the
parent magma where no Fe-enrichment occurs.
The trends of Fe-enrichment with H2O are consistent with
experimental work of Sisson and Grove (1993), Berndt et al. (2005)
and Botcharnikov et al. (2008). Where FeeTi oxides crystallise early
no Fe-enrichment occurs whereas late crystallisation of FeeTi ox-
ides is typically preceded by substantial plagioclase crystallisation
and associated Fe-enrichment in the liquid. The liquid line of
descent during the differentiation of Emeishan ferrobasalt in a
magma chamber is signiﬁcantly affected by the presence and
abundance of H2O. The Fe-enrichment trend, known as the Fenner
trend, is typical of tholeiitic basalts whereas the absence of Fe-
enrichment is usually characteristic of calc-alkaline magmas. The
Emeishan basaltic rocks have been classiﬁed as tholeiitic, which
comprise 95% of the extrusive ﬂood volcanism of the Emeishan
large igneous province (Xu et al., 2001; Xiao et al., 2004).
The Skaergaard intrusion is characterised by a typical Fe-
enrichment trend, which culminates in the crystallisation of fer-
rogabbros in the Upper Zone (UZ). The Lower Zone (LZ) of the
Skaergaard intrusion is comprised of three sub-zones where the
upper LZc is characterised by the occurrence of Ti-magnetite
(McBirney, 1996). The underlying LZa and LZb represent an 800 m
thick sequence of gabbroic rocks with no FeeTi oxide phases
(McBirney, 1996). Hunter and Sparks (1987) calculated a liquid line
of descent for the differentiation of the Skaergaard intrusionwhere
the initial liquid becomes enriched in FeOt at relatively constant
SiO2. This Fe-enrichment is essentially produced by the formation
of the gabbroic rocks of the LZa and LZb. The onset of Ti-magnetite
crystallisation in the LZc scavenges Fe from the liquid resulting in a
decrease in FeOt and subsequent increase in SiO2 in the liquid at
this level. This represents the typical Fenner trend for the differ-
entiation of tholeiitic basalt. Botcharnikov et al. (2008) interpreted
Figure 8. Composition of mineral phases as a function of f(O2) with decreasing temperature for a high-Ti parent magma with 3 wt.% H2O.
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content (<0.5 wt.%), which accounts for signiﬁcant crystallisation
of FeeTi oxide free cumulate rocks. The gabbroic rocks of the
Panzhihua intrusion are characterised by the occurrence of FeeTi
oxides throughout the intrusion (Zhou et al., 2005; Pang et al.,
2008a; this study). No FeeTi oxide free rocks are present at the
base of the intrusion such as at the Skaergaard intrusion. This
suggests that the parent magma for the Panzhihua intrusion con-
tained signiﬁcant H2O in order to depress the crystallisation of
silicate phases: >1 wt.% for high-Ti parent and >3 wt.% for low-Ti
parent. This further highlights the importance of H2O in the evo-
lution of the Emeishan magmas as the presence/abundance will
affect the evolution of the liquid in a magma chamber. While the
parent magma for the Panzhihua intrusion is typical tholeiitic
basalt, the lack of FeeTi oxide free cumulates suggests that the
liquid evolves along a calc-alkaline differentiation trend.
10. Modelling constraints on the crystallisation of the
Panzhihua gabbros
The gabbroic rocks of the Panzhihua intrusion are composed of
dominantly plagioclase and clinopyroxene with interstitial FeeTi
oxide minerals. Minor amounts of olivine and hornblende are also
observed. Apatite is present within the MZb only as small grains
occurring in association with FeeTi oxide in the interstitial spaces.
The general absence of olivine and lack of olivine cumulate rocks at
the base of the intrusion imply that some crystallisation and frac-
tionation of olivine has occurred prior to the formation of the
Panzhihua intrusion. Modelling crystallisation sequences (Fig. 13)
indicate that two possible scenarios may produce a gabbroic rocksimilar to that described above: (1) low-Ti basaltic parent magma
with H2O of 0e2.5 wt.% at f(O2) of FMQeFMQ þ 1. This represents
almost all modelled H2O and f(O2) variations for the low-Ti parent
magma. This is due to the high CaO/FeOt ratio of the low-Ti basalt;
(2) the high-Ti parent magma will only crystallise the observed
Panzhihua gabbroic sequence at f(O2) (FMQ  1 to FMQ þ 1) and
low H2O (0e1 wt.%). FeeTi oxides crystallise before clinopyroxene
at all other f(O2) conditions. However as discussed previously the
PELE software does not work at highly oxidising conditions
(>FMQ þ 1). One major problemwith the crystallisation from low-
Ti parent magma in terms of reconciling modelled and observed
petrography is the large temperature gap between the crystal-
lisation of silicates and that of FeeTi oxides. Approximately 50%
crystallisation is required before FeeTi oxides begin to crystallise.
This implies that a signiﬁcant amount of FeeTi oxide poor gabbroic
rocks should be present at the base of the Panzhihua intrusion,
which is not the case. Alternatively the absence of ilmenite as a
primary early crystallising phase at the Panzhihua intrusion may
suggest that the parent magma for the gabbroic rocks had slightly
lower TiO2 content than typical high-Ti basalt. A parent composi-
tion with slightly lower TiO2 content can then account for the
mineral assemblage of the Panzhihua gabbroic rocks.
Pang et al. (2009) presented detailed mineralogical data for the
Panzhihua intrusion. Comparison of these data with the modelled
compositions provides further constraints on the genesis of the
gabbroic rocks at the Panzhihua intrusion. The clinopyroxene at the
Panzhihua intrusion is somewhat more complex than simple
diopsideehedenbergite solid solution, as calculated by modelling
software, which makes comparison difﬁcult. Ti-magnetite at the
Panzhihua intrusion has undergone signiﬁcant sub-solidus re-
Figure 9. Composition of mineral phases as a function of f(O2) with decreasing temperature for a low-Ti parent magma with 0.5 wt.% H2O.
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similarly difﬁcult to compare with modelled compositions. How-
ever, plagioclase and olivine compositions from the Lower Zone
(LZ) gabbros provide useful comparison. Plagioclase composition of
the LZ gabbro is An58eAn60 (Pang et al., 2009). Olivine composition
ranges from Fo72 to Fo78 for the LZ gabbro (Pang et al., 2009). Low-Ti
basalt crystallises plagioclase with more primitive/calcic composi-
tions, always >An68 (Fig. 6a). Again this is a reﬂection of the higher
CaO content of the low-Ti parent magma. However, the high-Ti
basalt crystallises plagioclase with more sodic compositions. The
composition of An60 is produced by a high-Ti basalt with 1wt.% H2O
(Fig. 5a). Fo content of olivine indicates two possible scenarios for
crystallisation: (1) low-Ti basalt at low f(O2) (<FMQ) or (2) high-Ti
basalt at relatively high f(O2) (FMQeFMQ þ 1).
Comparison of the petrography and mineral composition of the
Panzhihua gabbroic rocks with that of modelled average high-Ti
and low-Ti basaltic compositions suggests that neither the
average high-Ti nor low-Ti basalt compositions ﬁt themineralogy of
the Panzhihua gabbroic rocks. Although the low An content of
plagioclase favours the high-Ti parent. The average TiO2 content of
high-Ti basalt is very high resulting in early crystallisation of
ilmenite prior to clinopyroxene. The generally low FeOt and TiO2
contents of the low-Ti basalt require signiﬁcant Fe-enrichment
prior to the crystallisation of FeeTi oxides. This suggests that the
parent magma for the Panzhihua gabbroic rocks was either: (1)
low-Ti basalt parent, which has undergone signiﬁcant Fe-
enrichment by fractionation prior to intrusion at the current level
or (2) composition similar to high-Ti basalt but with lower TiO2.
Further PELE modelling of a high-Ti Emeishan basalt with relative
low TiO2 content (2.5 wt.% TiO2; lower range of TiO2 contents for
Emeishan high-Ti basalt; Xu et al., 2001) is consistent with thegabbroic rocks of the Panzhihua intrusion. We suggest that the
parent magma for the gabbroic rocks of the Panzhihua intrusion
was likely similar to typical high-Ti basalt but at the lower range of
TiO2 contents.
Pang et al. (2008a) suggested that the FeeTi oxides at the Pan-
zhihua intrusion crystallised at f(O2) conditions of FMQ þ 1.5 and
1.5 wt.% H2O for the parent magma. FMQ þ 1.5 is on the very upper
limit of the prediction capabilities of this software for oxidising
conditions and this needs to be kept in mind when interpreting the
resultant trends. These arguments were made for the early crys-
tallisation of FeeTi oxides and the formation of FeeTi oxide ore
layers. The FeeTi oxides within the gabbroic rocks are clearly
interstitial andmust crystallise at lower H2O contents. However it is
noteworthy that minor increases in H2O content would favour the
crystallisation of FeeTi oxides over plagioclase and clinopyroxene.
This is discussed further below for modelling constraints on FeeTi
oxide ore genesis.
11. Modelling constraints of the genesis of FeeTi oxide ore
layers
The formation of FeeTi oxide ores at the Panzhihua intrusion is
currently under much debate. Ganino et al. (2008) suggested that
the parent magma was similar to low-Ti basalt (Table 1) with high
CaO and lower TiO2. They further suggested that an increase in f(O2)
related to the interaction of hot magma with footwall carbonates
resulted in the crystallisation of MteUv and the formation of ore
layers. Modelling presented here favours a parent magma similar to
the high-Ti basalt composition at the lower end of TiO2 content.
Ganino et al. (2008) also showed that the release of CO2 from the
footwall carbonates and the addition of 10 wt.% CO2 can increase
Figure 10. Composition of mineral phases as a function of f(O2) with decreasing temperature for a low-Ti parent magma with 3 wt.% H2O.
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for (at least locally) high f(O2) during the crystallisation of gabbroic
rocks. Furthermore Iacono-Marziano et al. (2008) observed exper-
imentally that olivine and plagioclase are consumed during
extensive carbonate assimilation while extensive clinopyroxene
crystallisation is favoured. Silicate disequilibrium observed in the
FeeTi oxide ore layers (e.g. Howarth et al. 2013) may be linked to
this process. However massive clinopyroxene crystallisation should
be expected to occur in association with the footwall (as suggested
by Iacono-Marziano et al., 2008) at Panzhihua, which is not
observed. Furthermore clinopyroxene is similarly resorbed within
FeeTi oxide ore layers, which does not favour disequilibrium by
carbonate assimilation.Figure 11. FeO þ Fe2O3 (concentration in liquid) vs. temperature for high-Ti and low-Ti basa
of the parent magma.Pang et al. (2008b) interpreted FeeTi oxide inclusions in olivine
to indicate early crystallisation of FeeTi oxides. Pang et al. (2008b)
modelled a high-Ti parent magma at FMQ þ 1.5 and showed that
FeeTi oxides crystallise early at high H2O contents (>1.5 wt.%). This
is conﬁrmed in modelling presented here for high-Ti parent
magma. Howarth et al. (2013) present descriptions of silicate
disequilibrium textures within the FeeTi oxide ore layers. Plagio-
clase and clinopyroxene within ore layers show distinct resorption
and rims of hornblende and olivine developed at contacts with
FeeTi oxides. Silicate disequilibrium clearly indicates that FeeTi
oxides did not crystallise ﬁrst but rather formed after silicate grains
at conditions where silicates are no longer stable. A similar inter-
pretation of early silicate crystallisation is made by Zhou et al.lt parent magmas showing Fe-enrichment and lack of as a result of varying H2O content
Figure 12. FeO þ Fe2O3 vs. SiO2 for high-Ti (a) and low-Ti (b) basalt parent magmas at FMQ showing the liquid line of descent and comparison with Hunter and Sparks (1987) trend
for the Skaergaard intrusion.
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described by Pang et al. (2008b) are signiﬁcantly different in
composition with high Cr2O3 contents, similar to Ti-magnetite
described from the Xinjie ultramaﬁcemaﬁc intrusion (Wang
et al., 2008). The high Cr contents and their presence within
olivine phenocrysts, which are trapped in the chilled margin, are
more consistent with the crystallisation of olivine en route to the
current magma chamber (Zhou et al., 2013). Minor crystallisation of
Cr-rich spinel is also consistent with early crystallisation of olivine,
most of which were likely lost at some stage en route to the surface.
Zhou et al. (2005) also suggested that the Panzhihua parent magma
has undergone some fractionation en route to the chamber.
Furthermore numerous recent studies have suggested that the
Emeishan basaltic magmas form by the fractionation of olivine and
minor Cr-spinel from picritic magmas (e.g. Tao et al., 2008; Zhou
et al., 2013). Therefore the Cr-spinel bearing olivine phenocrysts
observed within the MGZ of the Panzhihua intrusion may also be
interpreted to represent early crystallisation and differentiation of
the parent magma from a picritic magma.
Ganino et al. (2008) suggested that an increase in f(O2) can
result in 6e8% crystallisation of MteUv, which if efﬁciently segre-
gated from the crystallising magma and settled to the base of theFigure 13. Proposed model for the formation of FeeTi oxides ore layers by the addition
of a later H2O-rich ﬂuid phase/magma. Point X represents the composition of the
liquid, which becomes enriched into H2O (see text for discussion).chamber could account for the extensive ore bodies at the Pan-
zhihua intrusion. Crystallisation of a high-Ti Emeishan basaltic
composition at low H2O (<1 wt.%) followed by a later inﬂux of H2O
can produce a similar effect to that described by Ganino et al.
(2008) although this is the result of silicate instability rather than
increasing FeeTi oxide stability. Fig. 13 presents modelled variation
of an Emeishan high-Ti basalt with 2.5 wt.% TiO2 (as discussed
earlier) at various initial H2O contents. Crystallisation of themagma
at lowH2O results in the typical mineral assemblage of the gabbroic
rocks (Fig. 13). A later inﬂux of H2O will result in the instability of
silicates.
Further modelling of the liquid composition at point X (with
3 wt.% H2O as a result of the inﬂux of H2O) in Fig. 13 indicates that
5e6% MteUv crystallises in the absence of any silicate phases.
Concentration of this amount of MteUv can account for the for-
mation of extensive ore layers. Furthermore the increase in H2O
will result in the consumption of silicate grains. We suggest that an
inﬂux in H2O can account for large scale FeeTi oxide crystallisation
as a result of silicate instability. Further discussion on the potential
source of H2O is outside the scope of this study and is discussed in
Howarth et al. (2013). We simply demonstrate here that an inﬂux of
H2O causes silicate instability and resultant crystallisation of 5e6%
MteUv alone.12. Implications for the crystallisation of other FeeTi oxide
ore bearing intrusions of the ELIP
The main FeeTi oxide ore bearing layered intrusions of the ELIP
are the Panzhihua, Baima, Hongge, Taihe and Xinjie intrusions
(Pang et al., 2010). The Baima intrusion is composed of gabbroic
rocks only, with FeeTi oxides ore layers dominantly occurring at
the base of the intrusion (Shellnutt and Pang, 2012), similar to the
Panzhihua intrusion. However, the Hongge and Xinjie intrusions
are composed of dominantly ultramaﬁc clinopyroxenite with
olivine (Zhong et al., 2004; Bai et al., 2012). FeeTi oxide ore layers in
these cases are hosted within clinopyroxenite rather than gabbros
and are only present within the upper half of the intrusions.
Modelling results presented in Section 7 indicate that, in order to
crystallise clinopyroxene early the parent magma must have a high
CaO/FeOt ratio. This would imply that the parent magmas for these
intrusions aremore similar to that of themodelled low-Ti Emeishan
basalt, with its high CaO/FeOt. Furthermore, in order to produce
clinopyroxenite with low abundance of plagioclase, the H2O con-
tent of the parent magma must be high enough to depress the
G.H. Howarth, S.A. Prevec / Geoscience Frontiers 4 (2013) 555e569568plagioclase crystallisation temperature (>2 wt.%) (Fig. 13). Zhou
et al. (2008) and Zhang et al. (2009, 2012) have suggested that
the Emeishan large FeeTi oxide bearing maﬁc intrusions formed
fromparental magmas similar to high-Ti basalt whereas the smaller
NieCuePGE ultramaﬁc intrusions crystallised from low-Ti basalt
parent magmas. We agree with this but modelling presented here
provides further constraints on the parental magmas for the large
FeeTi oxide bearing intrusions. In particular the Hongge and Xinjie
intrusions, which contain ultramaﬁc lower halves dominated by
clinopyroxenite. Clinopyroxene crystallises early for magmas with
high CaO/FeOt ratios, similar to the low-Ti Emeishan basalt. This
implies that any ultramaﬁc rocks related to the Emeishan layered
intrusions crystallised from a parental magma with high CaO/FeOt,
i.e. low-Ti basalt. This is consistent with recent work of Bai et al.
(2012) who suggest that the parent magma for the Hongge intru-
sion had high CaO (11 wt.%). The low proportion of plagioclase in
the Hongge intrusion may also favour a parent magma with high
H2O content in order to depress the crystallisation temperature
sufﬁciently so that only olivine and clinopyroxene crystallise from
the magma.
13. Conclusions
The CaO and TiO2 content of Emeishan basaltic magmas have a
signiﬁcant effect on the resultant crystallisation sequence for
ultramaﬁcemaﬁc layered intrusions. High CaO contents for the
low-Ti Emeishan basalts result in early crystallisation of clinopyr-
oxene while the low CaO content of the high-Ti basalt results in
clinopyroxene typically crystallising after FeeTi oxide. Furthermore
the CaO content of the parent magma also effects the composition
of plagioclase. Low-Ti basaltic magmas crystallise more calcic
plagioclase relative to the high-Ti magmas. TiO2 content of the
parent magmas also controls the occurrence of ilmenite. Ilmenite
crystallises out of a liquid with 5 wt.% TiO2. f(O2) and H2O also
have signiﬁcant effects on the crystallisation sequence of the
Emeishan basaltic magma. MteUv is favoured over ilmenite at high
f(O2) as shown previously by Toplis and Carroll (1995). The most
important variable for the timing of FeeTi oxide crystallisation is
H2O content of the parent magma. Increasing H2O contents
signiﬁcantly depress the crystallisation temperature of silicates,
which results in the early crystallisation of FeeTi oxides at high H2O
content (>1.5 wt.%) of the parent magma. The H2O content of the
Emeishan basaltic magmas can alter the differentiation path of the
associated intrusion. Magmas with low H2O generally follow the
typical Fenner Fe-enrichment trendwhereas thosewith higher H2O
contents follow a more calc-alkaline trend of differentiation.
Comparison of f(O2) and H2O modelling of high-Ti and low-Ti
basaltic magmas with that of the gabbroic rocks of the Panzhihua
intrusion favours a parental magma similar to the high-Ti basaltic
magma but at the low end of TiO2 contents (2.5 wt.% TiO2). This
interpretation is in agreement with numerous geochemical studies
on the ultramaﬁcemaﬁc layered intrusions in SW China (e.g. Zhou
et al., 2008; Pang et al., 2010). Furthermore modelling suggests that
the gabbroic rocks crystallised at low to moderate f(O2)
(FMQeFMQ þ 1) and moderate H2O content (0.5e1 wt.% H2O).
We suggest that the formation of FeeTi oxide ore layers can result
from an inﬂux of H2O or H2O-rich magma. Recent studies suggest
that the Panzhihua parent magma was originally picritic and
evolved at depth through fractionation to a basaltic composition
(Zhou et al., 2013). Furthermore Pang et al. (2009) showed that at
least two or three pulses of magma ﬁlled the current chamber. H2O
will increase in residual liquid during fractional crystallisation.
Magma evolving at depth would have increased H2O contents as
evolution continued. It may be reasonable to suggest that a late
stage magma pulse from depth would have high H2O contents as aresult of the concentration of H2O in the residual liquid. The inﬂux
of H2O-rich liquid or ﬂuid into the partially crystallised Panzhihua
intrusion can account for the occurrence of large scale FeeTi oxide
ore layers with distinct consumed silicate grains.
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